NEXRAD precipitation estimates are used for hydrological, meteorological, and climatological studies at a wide range of spatial and temporal scales. The utility of radar-based precipitation estimates in such applications hinges on an understanding of the sources and magnitude of estimation error. This study examines precipitation estimation in the complex mountainous terrain of the northern Appalachian Mountains. Hourly digital precipitation HDP products for two WSR-88D radars in New York state are evaluated f o r a t wo-year period. This analysis includes evaluation of range dependence and spatial distribution of estimates, radar intercomparisons for the overlap region, and radar-gage comparisons. The results indicate that there are unique challenges for radar-rainfall estimation in mountainous terrain. Beam blockage is a serious problem that is not corrected by existing NEXRAD algorithms. Underestimation and non-detection of precipitation are also signi cant concerns. Improved algorithms are needed for merging estimates from multiple radars with spatially variable biases. 
Introduction
The NEXRAD network of WSR-88D Weather Surveillance Radar 1988 Doppler radars provides precipitation estimates across the United States Klazura and Imy, 1993 . The precipitation estimates are used operationally by the National Weather Service NWS for weather forecasting, ash ood prediction, and as input to hydrologic models for stream ow forecasting. These estimates have potential non-operational uses as well. The GEWEX Continental-Scale International Project GCIP will rely heavily on NEXRAD precipitation estimates for hydrological, meteorological, and climatological studies at a wide range of spatial and temporal scales Leese, 1996 . GCIP activities in the Mississippi River basin require precipitation estimates for diverse landscapes, including the prairie and agricultural areas of the Great Plains and Midwest, and the complex mountainous terrain of the Appalachian and the Rocky Mountains along the basin boundary.
Over the years, extensive development and testing of the WSR-88D and its algorithms have been carried out in the Southern Plains Fulton et al., 1998 . This is due in part to the potential bene ts of WSR-88D technology for enhancing prediction of strong storms and severe weather in this active w eather region. The region is also favorable for making radar measurements because of its low topographic relief. In mountainous regions, weather radars need to be sited carefully so that nearby terrain does not block the path of the beam. Site-speci c sampling strategies may also be required to avoid beam blockage from distant high mountains, including the use of higher radar beam tilts to see beyond obstacles. The complex terrain that makes radar siting and measurement more di cult also has a profound impact on precipitation patterns. Air ow o ver topographic barriers enhances storm precipitation Houze, 1993; Barros and Lettenmaier, 1994 and produces signi cant spatial variations in long-term accumulations Daly et al., 1994 . Topography can also serve to focus storm development during extreme ood-producing rainstorms Schwartz, 1970; Schroeder, 1977; Maddox et al., 1978; Maddox et al., 1979; Caracena et al., 1979; Caracena and Fritsch, 1983; Maddox and Grice, 1986; Hirschboeck, 1987; Tucker and Reiter, 1989; Smith et al., 1996b; among others In a recent evaluation of NEXRAD precipitation estimates for the Southern Plains region, Smith et al. 1996a found that systematic biases are present, even in this favorable region for radar measurement. Biases in estimates strongly depend on the distance from the radar. Still, at all distances from the radar, the radar underestimates hourly precipitation accumulations compared to gages. In this paper, we extend the study of Smith et al. 1996a to evaluate precipitation estimates from the NEXRAD radar in the complex terrain of the northeastern United States. The unique problems associated with precipitation estimation in mountainous terrain are examined based on analyses of two radars in the northern Appalachian Mountains, comparisons with nearby gage estimates, and comparisons with the study results from the Southern Plains. The implications for radar-rainfall estimation in regions of complex terrain are discussed.
Study Area and Data Resources
The evaluation of NEXRAD precipitation estimates is made using hourly digital precipitation HDP products Klazura and Imy, 1993; Smith et al., 1996a; Fulton et al., 1998 for the Albany ENX and Binghamton BGM radars in New York state. Figure 1 shows the topography surrounding the two radars. Albany is located in the Hudson River valley, and is surrounded by the Adirondack Mountains to the north and the Catskill Mountains to the south. The Albany radar is located in the mountains to the southwest of the city at an elevation of 557 m MSL. The Binghamton radar is located in the Appalachian Plateau region at an elevation of 490 m MSL. The Catskills Mountains, with peaks as high as 1281 m, are located directly between the two radar sites.
The evaluation of radar precipitation estimates from the two radars is based on hourly digital precipitation HDP products collected over a 24-month period August 5, 1996 , through July 31, 1998 . The HDP product is a radar-only estimate of hourly accumulation. The HDP products used in this study are compiled and archived at Princeton University. To facilitate data analyses, the HDP products were converted to a compact run-length encoded format Kruger and Krajewski, 1997 . Comparisons are made with hourly precipitation data from gages within the 230 km range of the two radars. These data were obtained from the National Climatic Data Center NCDC for a 17-month period August 1996 through December 1997. Precipitation accumulations from the available gages have a resolution of either 0.01 or 0.1 inches. Gages with 0.1 inch resolution are more numerous, but their coarse reso-lution limits their utility for comparisons with radar measurements. For example, until the accumulation reaches 0.1 inches, the gage reports zero accumulation. As a result, estimates of hourly precipitation statistics are a ected by the gage resolution.
NEXRAD Precipitation Processing Algorithms
A brief description of the WSR-88D radar and the NEXRAD precipitation processing algorithms is given in this section. For detailed information on methods used for precipitation estimation using WSR-88D data, see Fulton et al. 1998 , Klazura and Imy 1993 , Smith et al. 1996a , and Baeck and Smith 1998 .
The NEXRAD Precipitation algorithms utilize a power law Z-R relationship:
where R is rainfall rate mmh ,1 , a and b are constants and Z is the radar re ectivity factor mm 6 m ,3 . The radar re ectivity factor Z is estimated from the radar measured backscatter power, which depends in part on the number and size of hydrometeors in the sampling volume. The default Z-R parameters for the NEXRAD alogrithms are a = 0 :017 and b = :714 conventionally expressed in the form Z = 300R 1:4 . A tropical Z-R relationship Z = 250R 1:2 is used on occasion for events dominated by warm rain microphysics Smith et al., 1996b . Several aspects of radar measurement of re ectivity are crucial for assessing radar-rainfall estimates in complex terrain. The radar samples a volume of the atmosphere, the size of which increases with distance from the radar. For the WSR-88D rainfall algorithms, radar re ectivity v alues are utilized in a polar coordinate system with resolution of approximately 1 in azimuth by 1 km in range. Multiple 360 sweeps are obtained at beam angles ranging from 0.5 to 20 from the horizon. The elevation of the radar beam increases with distance from the radar. For example, the center of the 0.5 beam is at approximately 1 k m a b o ve the radar at a range of 80 km from the radar and 3 km above the radar at a range of 160 km. The eld of radar re ectivity factor values used in estimating rainfall is derived from multiple tilts of the radar beam, with higher tilts being used closer to the radar and the low tilts at far range. A typical sampling strategy in at terrain would drop from the 3.5 tilt close to the radar to the 0.5 tilt within 100 km range from the radar. The paired objectives of this hybrid scan sampling strategy see Fulton et al. 1998 are 1 to sample rainfall as close to the ground as possible and 2 minimize contamination of rainfall estimates by ground returns. In complex terrain, these objectives are especially challenging to achieve simultaneously.
Three additional elements of the WSR-88D rainfall algorithms are particularly relevant for mountainous regions. The hybrid scan sampling strategy which i s used in mountainous region is constructed to avoid ground returns from high elevation regions. Consequently, the tilt selection will not necessarily vary in regular fashion with range from the radar. Beams which are partially blocked can be used at further range through the application of an occultation correction, which adds power to the radar measurement based on the fraction of power that is lost at closer range through partial blockage. Occultation corrections can be several dB in magnitude. The algorithm used for detecting and elimination of anomalous propagation ground returns is of special relevance to complex terrain. The tilt test algorithm computes the percent reduction in echo area from the rst tilt to the second tilt. If the echo area reduction exceeds a speci ed magnitude, the low tilt is presumed to be contaminated by anomalous propagation AP returns and the second tilt is used in its place.
The rainrate estimates from the WSR-88D are used by the NWS in the NEXRAD Precipitation Processing System PPS. First, rainrate intensity maps are integrated over time to produce hourly rainfall accumulations. Results are then converted from the polar coordinates of the radar to a Hydrologic Rainfall Analysis Project HRAP grid of approximately 4 4 km. The HRAP grid is a polar stereographic projection that conforms to a 1 40th limited ned mesh LFM grid used by the NWS in numerical weather prediction Reed and Maidment, 1998 . 
Radar Precipitation Evaluation
This section evaluates HDP hourly precipitation estimates for the Binghamton and Albany radars based on observed probability of precipitation, conditional mean precipitation, and mean hourly accumulation. The probability of precipitation is de ned as the fraction of hours recording precipitation. The conditional mean hourly precipitation is the average accumulation for hours with precipitation. The mean hourly accumulation is the total observed precipita-tion divided by the number of hours on record. Both the range dependence and the spatial distribution of these quantities are evaluated.
Range Dependent V ariations
Range dependent biases are present i n NEXRAD precipitation estimates due to the e ects of range on the size and height of the radar sampling volume Smith et al., 1996a . Figure 2 shows range dependent variations in probability of precipitation, conditional mean hourly precipitation, and mean hourly accumulation for the two radars for the warm AprilSeptember and cold October-March seasons. The warm season probability of precipitation increases slightly from the radar to the 50 km range. However, the Albany radar exhibits an isolated peak in probability at 60 km, while the Binghamton radar remains fairly constant from 50 to 150 km. For both radars, probability of precipitation declines sharply from 150 to 230 km. In the cold season, the peak in precipitation probability for the Albany radar is more pronounced than for the warm season, but is still located at 60 km from the radar. The cold season decline in probability begins closer to the radar, and the decrease is drastic. The probability of precipitation is almost zero at 230 km. This decline in probability with range is due to beam overshoot, which is exaggerated due to the use of higher radar beam tilts. At long ranges, the beam height is several kilometers above the ground. Precipitating clouds often form below this level, and thus avoid radar detection. This e ect is especially pronounced during the cold season, when a signi cant portion of precipitation results from low stratiform clouds.
The two radars show opposite trends in the conditional mean precipitation during the warm season. The Binghamton radar is at a minimum near the radar and exhibits a maximum near 230 km. The Albany conditional mean decreases slightly with range. However, for the cold season, the two radars exhibit a similar trend in conditional mean precipitation. Both show a gradual decrease from near the radar to 230 km, with a dip at 60 km.
The mean precipitation is a combination of the probability of precipitation and the conditional mean. In the warm season, the Albany mean precipitation peaks at 60 km due the peak in probability of precipitation. It then decreases with range, especially after 160 km, due in large part to the decrease in probability of precipitation. The Binghamton mean precipitation has a local peak at 40 km and increases gradually to 160 km due to the increases in conditional mean with range. The mean precipitation decreases at longer ranges, as the e ect of lower probabilities of precipitation overwhelms the increases in conditional mean. During the cold season, the probability of precipitation dominates the mean accumulation for both radars. Interestingly, the peak in probability at 60 km for the Albany radar is canceled by the dip in conditional mean. The mean precipitation for both radars increases from the radar to 20 km. The Albany mean remains fairly steady to 100 km, and then decreases sharply to 230 km, while the Binghamton mean plunges from 40 to 50 km, remains steady to 125 km, and then drops with the Albany mean.
There are some noteworthy di erences in the range dependent characteristics of the radar precipitation for the study area and the Southern Plains region Smith et al., 1996a . First, precipitation detection is a more signi cant problem in the northern Appalachians. Although a decrease in the probability of precipitation with range was also observed in the Southern Plains, the decrease there was much less pronounced. In the northern Appalachians, detection problems in the cold season are so severe that the e ective range of the WSR-88D radar is reduced. Second, the strong variations in the conditional mean that were observed in the Southern Plains are not observed in the northern Appalachians. Smith et al. 1996a note that the variations are a result of two factors. The biscan maximization scheme for constructing the hybrid scan from multiple radar tilts creates negative biases near the radar, and bright band echoes that result from melting precipitation produce positive biases at slightly longer ranges. In recent y ears, the bi-scan maximization scheme has been eliminated from the algorithm, and it was not in use for the Albany and Binghamton radars. Baeck and Smith 1998 show that this improvement has signi cantly reduced the range-dependent v ariations in conditional mean precipitation.
Spatial Variations
The complex topography of the study region produces spatially biased radar precipitation estimates. Figure 3 shows the probability of precipitation based on the Binghamton and Albany radars for the 24-month period. The circular features for the two radars clearly show the e ects of range on precipitation detection. Still, other features are evident. For the Binghamton radar, there is acute beam blockage south of the radar. For the Albany radar, there is widespread beam blockage to the southwest of the radar. The Catskill Mountains obstruct radar visibility, forcing use of higher beam tilts. The Albany radar also records very high probability of precipitation in nearby areas of elevated topography. This is probably related to ground returns from the mountains rather than enhanced orographic precipitation. The location of the high probability areas, which are con ned to the north and east of the radar, suggest that the path of the radar beam may be a ected by the local atmospheric conditons over the Mohawk and Hudson Rivers. Note that the locations of high probabilities are from 50 to 100 km from the radar, which explains the isolated peak in precipitation probabilities at the 60 km range. Figure 4 shows the conditional mean hourly precipitation for the two radars for the 24-month period. For the Binghamton radar, high conditional means at the fringes are evident. Very high conditional means are seen near the fringe in the beam blockage area to the south of the radar. The high condition means at the fringe and in the beam blockage area are a result of two factors. First, precipitation detection is low a t these ranges, and with the use of higher beam tilts, the radar only detects precipitation from high clouds, which are most often associated with deep convection and high precipitation rates. Second, the occultation correction to account for partial beam blockage adds power to the radar measurements, which also results in higher precipitation estimates. These two factors explain the increase in conditional mean observed in the warm season for the Binghamton radar in Figure 2. For the Albany radar, beam blockage also has a clear e ect on spatial patterns of conditional mean precipitation. The highest conditional means are concentrated to the south of the radar, in the region blocked by the Catskill Mountains. Again, these are a result of the e ects of limited and selective detection of precipitation in blocked areas, and the occultation correction. In contrast, the mountainous areas with highest probabilities of precipitation near the Albany radar are associated with slightly lower conditional mean precipitation than their surrounding areas. There is also a band of higher conditional mean precipitation con ned to the low elevation areas to the east of the radar.
For both radars, very high conditional means are present for isolated cells in high mountain regions. These are seen in Figure 4 to the northeast and southwest of the Binghamton radar, and to the north of the Albany radar. Although higher precipitation rates for elevated terrain are possible, it is likely that these higher conditional means are associated with anomalous propagation AP of the radar beam. Bending of the radar beam under certain atmospheric conditions may be su cient to cause the beam to intersect high terrain but not elsewhere. The resulting echoes would not be classi ed as AP returns using existing NEXRAD algorithms, and would result in unusually high precipitation estimates. To correct for this problem, improved algorithms that are aware of the surrounding terrain may b e needed for identi cation of isolated AP.
Radar-Radar Biases
Analysis of the overlap region for the Binghamton and Albany radars demonstrates the complexity of radar-rainfall estimation in mountainous regions. Figure 5 compares coincident radar measurements for the warm and cold seasons. Comparisons include estimates of fractional coverage of precipitation, conditional mean hourly precipitation, and mean hourly accumulation for the overlap region. In this section, the fractional coverage is de ned as the fraction of overlap cells in one hour that observe precipitation, the conditional mean is the spatial average for all overlap cells recording nonzero precipitation, and mean precipitation is computed for the entire overlap region.
Good agreement in fractional coverage supports the belief that delineation of the precipitating area is a particular strength of weather radar Smith et al., 1996a; Moore and Smith, 1972 . However, Figure 5 shows that di erences in fractional coverage for the two radars are signi cant. The correlation coefcient for fractional coverage is 0.749 for the warm season and 0.746 for the cold season. There are also several hours when precipitation is detected over the area for one radar but not the other. Although some cases could be mistakes in the archived records i.e., records indicate that the radar was operating and data are available, many are clearly associated with hours where precipitation was undetected in the overlap region by one of the radars. Smith et al. 1996a found that radar intercomparisons for the Southern Plains region show v ery good agreement in fractional coverage. This study suggests that delineation of the precipitating area is less accurate in mountainous regions.
The conditional mean and mean precipitation compare quantitative precipitation estimates for the two radars in the overlap region. Figure 5 shows that there are large di erences in coincident precipitation estimates. The scatter in the relations are greater in the cold season. For the conditional mean, the root mean square RMS di erence is 1.43 mm for the warm season and 0.83 mm for the cold season. For the mean precipitation, the RMS di erence is 0.87 mm for the warm season and 0.15 mm for the cold season.
Spatial variations in radar biases contribute to the uncertainty in radar intercomparions for the overlap region. Figure 6 shows the di erence between the precipitation accumulation for the Binghamton BGM and Albany ENX radars for the 24-month period. The mean for this di erenced eld is 45 mm. The range is from -1842 mm to 1221 mm. In the overlap region, precipitation estimates for the Binghamton radar are higher in the half nearer the radar, and vice versa for the Albany radar. This results in positive di erences in the southwest half of the overlap region and negative di erences in the northeast half. Large positive di erences in the south are due primarily to blockage of the Albany radar by the Catskill Montains. The largest positive di erences are associated with isolated cells in the Catskill Mountains. Figure 4 shows that the Binghamton radar records large conditional mean hourly precipitation for these cells, which is an indication of AP returns. The largest negative di erences occur in isolated cells for which the Albany radar records large accumulation. The large accumulations for these cells result from the very high probabilities of precipitation observed in Figure 3 .
The results of this intercomparison indicate that there are signi cant di erences in radar observations in mountainous terrain. Range dependent and terrain dependent biases limit the ability of a single radar to observe precipitation occurrence and estimate precipitation accumulations over the entire radar umbrella. Methods for merging precipitation estimates from multiple radar will be critical for accurate estimation of precipitation in these regions. Still, futher research on optimal approaches for merging estimates from multiple radars in complex terrain is needed.
Radar-Gage Comparison
A comparison of radar-rainfall estimates and gage observations is made for a 17-month period to evaluate biases in precipitation accumulation and detection. The comparisons are based on 97 gages within the 230 km umbrella of the Binghamtom radar, and 93 gages within range of the Albany radar. Because the results of the radar-gage comparison are similar for both radars, results are presented for the Binghamton radar only.
In such a comparison, it is important to recognize the di erences in spatial sampling of precipitation for the two sensors Austin, 1987; Ciach, 1997 . Raingages sample precipitation at a point, while radar samples precipitation within a volume and estimates the average accumulation over an area in this case approximately 44 km. As a result, there are inherent di erences in precipitation estimates from these two sensors Ciach and Krajewski, 1998 . Figure 7 compares Binghamton radar hourly accumulations with gage observations for two ranges for the warm and cold seasons. Hourly accumulations are shown for periods when the gage or the radar records nonzero precipitation. Several features are worth noting. First, at the hourly time step the di erences in gage resolution are apparent. For gages with 0.1 inch resolution, accumulations are grouped into a few discrete values, making a comparision more difcult. Still, based on these measurements and those for gages with 0.01 inch resolution, it is clear that variability between radar and gage estimates at the hourly time step is high. For the warm season, the RMS di erence is 4.1 mm for ranges of 160 km or less, and 3.9 mm for ranges greater than 160 km. For the cold season, the RMS di erence is 3.4 mm for ranges of 160 km or less, and 3.3 mm for ranges greater than 160 km. In addition, the radar precipitation estimates tend to be lower than the gage estimates, especially in the cold season and at longer ranges from the radar. These results are similar to those for the Southern Plains. Smith et al. 1996a also observed signi cant scatter in radar-gage comparisons, and a systematic underestimation of precipitation by the radar. However, the scatter is much greater in the northern Appalachians, and the seasonal di erences are more pronounced.
On an hourly time scale, spatial variations in precipitation and the e ects of gage resolution signicantly contribute to the mismatch in radar and gage estimates. However, integrating over longer time scales minimizes these factors, revealing systematic biases in the radar estimates. Figure 8 shows the total accumulation for the Binghamton radar and gages for the warm and cold season. The underestimation of the radar is signi cant in both seasons, but is more pronounced in the cold season. For the warm season, the average radar precipitation is 37.7 of the gage estimate. For the cold season, the average radar precipitation is 14.1 of the gage estimate.
The radar evaluations in Section 4 show that precipitation detection su ers at long ranges due to the range-dependence of radar sampling. A comparison of radar and gage detection of precipitation is made in Figure 9 , which shows the probability of precipitation at one sensor i.e., the radar or the gage conditioned on detection of precipitation at the other sensor. When precipitation is detected by the radar, the probability that precipitation is detected by the gage is high. The average detection for 0.01 inch resolution gages is 71.6 in the warm season and 73.9 in the cold season. For 0.1 inch resolution gages, the percentages are lower. This is not unexpected, since larger accumulations are required before these gages will indicate nonzero precipitation.
However, when precipitation is detected by the gage, the probability that precipitation is detected by the radar is low. For 0.01 inch resolution gages, the average radar detection is 24.8 in the warm season and 8.4 in the cold season. The results are similar for the 0.1 inch resolution gages. Although the low precipitation detection by radar is common at all ranges, the problem is most severe during the cold season and at longer ranges. Table 1 shows the average probability that precipitation is detected by the radar given that the measured gage precipitation exceeds various thresholds ranging from 0 to 1.0 inches for all the gages within the range of the Binghamton radar. As expected, for higher gage precipitation thresholds, the probability of detection by the radar increases. Still, the probability of detection by the radar remains low, especially in the cold season. These results indicate a serious problem with radar precipitation detection in mountainous areas. In contrast, precipitation detection in the Southern Plains by radar and gage are very consistent Smith et al., 1996a .
The radar-gage comparision suggests that two factors contribute to the signi cant underestimation of long-term precipitation accumulations. First, there is a systematic underestimation of hourly accumulation when precipitation is detected by the radar, as shown in Figure 7 . This underestimation was also observed in the Southern Plains. A second factor is failure of the radar to detect precipitation. This problem is unique to the complex mountainous terrain. Although improvements in precipitation algorithms could reduce the estimation biases, detection problems will remain an issue because they are linked to both the unique precipitation processes and di culty in precipitation measurement in mountainous areas.
Summary and Conclusions
The complex terrain of the northern Appalachians complicates radar-based estimation of precipitation. Beam blockage, ground returns, and non-detection and underestimation of precipitation, are all problematic for the two radars evaluated in this study.
Beam blockage, and the consequent use of higher tilts, causes signi cant detection problems at long ranges. Cold season detection is more problematic than warm season detection. The non-detection of precipitation is much worse than reported for the Southern Plains, and suggests that the e ective range of WSR-88D radars is reduced in mountainous regions. Furthermore, the occultation correction employed to account for partial beam blockage has serious limitations. The conditional mean hourly accumulation for the Binghamton radar in the warm season actually increases with range. This e ect is exaggerated along the beam blockage to the south.
The spatial distributions of conditional mean and probability of precipitation indicate that ground returns from anomolous propagation and ground clutter cause unique precipitation estimation biases in mountainous regions. Variations in elevation across the study region make detection of ground returns difcult, as high re ectivity values may occur only in areas with high mountains.
Radar-gage comparisons demonstrate that nondetection and underestimation are severe for the two radars. Even when both the gage and the radar record precipitation at the same time, the radar consistently underestimates precipitation. Detection and underestimation are problems for both the warm and cold seasons, but are most severe for the cold season and at long ranges.
Improved algorithms are needed for radar-based precipitation estimation in complex mountainous terrain. These new algorithms must account for systematic biases due to range dependence, beam blockage, and complex terrain. Although improved calibration of the radar-rainfall algorithm Anagnostou and Krajewski, 1998 or conversion to a multiparameter polarimetric radar may reduce bias in estimation, the problem of non-detection must still be addressed in mountainous regions. Possible solutions include the use of multiple radars to develop re ectivity and precipitation maps.
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